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Abstract 
Hydraulic models are efficient decision support tools for effective management of water distribution networks (WDNs). This study
presents an EPANET hydraulic model application at Old Town DMA (District Metered Area), a well-known tourism area in 
Antalya City, Turkey. Old Town DMA has highly variable WDN characteristics and it contains about 1400 active and inactive 
water subscribers, mostly related to tourism facilities. Daily and hourly water consumption profiles and water consumption rates
by different subscribers in the DMA exhibit wide variations. The temporal and spatial variations of water consumptions and highly
varying topographic levels of the DMA are taken into account to allocate nodal water demand in hydraulic modeling. Water 
pressure and flow rates are continuously monitored online at the SCADA station located at the entrance of the DMA. Additionally,
continuous water pressure measurements are performed via portable pressure loggers at 4 different points located at different 
elevations of the DMA. The monthly water consumption of each water subscriber is recorded. Moreover, the daily and hourly water
consumption rates of 13 different water subscribers were monitored for 5 days. The obtained data sets were used to prepare water
consumption patterns for different water subscribers and to estimate nodal demands. The hydraulic model was calibrated for Hazen
- Williams pipe roughness coefficient and the predicted pressure values were in good agreement with field measurements. 
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1. Introduction 
Hydraulic models of water distribution networks (WDNs) are efficient decision support tools for development of 
various management scenarios to improve efficiency and reliability of existing networks and to design new ones. In 
hydraulic models, well-known hydraulic equations are solved to calculate main hydraulic parameters; such as flow 
rate, velocity and water pressure, at many points for the described WDN and the obtained results are displayed in 
tabular and graphical forms to be evaluated by the users [1-4]. The success of hydraulic model predictions depends 
on accurate determination/estimation of input parameters and model calibration and verification studies. Currently, 
many WDNs are equipped and controlled with SCADA (Supervisory Control and Data Acquisition) systems to 
improve network efficiencies. Moreover, SCADA systems could be integrated with well calibrated and verified 
hydraulic models to provide useful input data sets for model set-up and comparison with model predictions.  In routine 
monitoring and control studies of WDNs, only limited number of monitoring and control points are selected on the 
WDN to collect hydraulic data. However, an accurate calibration and verification study of hydraulic models requires 
simultaneous and precise estimation of many hydraulic parameters such as flow rate, water pressure, etc. for the whole 
WDN. In the literature, many successful hydraulic modeling applications are presented for different operational 
purposes such as extension of the WDN by adding new pipes, dividing WDNs into several DMAs, determination of 
critical areas for rehabilitation,  determination of optimum network pressures and evaluation of different water losses 
reduction techniques to predict water saving amounts [5,6].  
Network hydraulic characteristics usually demonstrate wide temporal and spatial variations. The main reason of 
these variations is that different water users are spatially distributed along the WDN and these users have different 
water consumption rates and profiles. Both physical configuration of the WDN and the spatial and temporal variations 
of water consumption rates need to be transferred correctly to hydraulic models to obtain accurate predictions from 
the modeling study. Physical configuration of WDNs such as coordinate, length, diameter and material of pipes, 
junctions, connections, elevations, etc. can be obtained from updated GIS (Geographical Information Systems) 
database systems in advanced WDNs. However, it is usually difficult to have information about temporal and spatial 
variations of water consumption rates and other hydraulic parameters. In general, there are two main challenges to be 
addressed in hydraulic modeling applications. The first one is that the exact location of service pipe connections is not 
known for all properties on WDNs. The second challenge is due to lack of data for water consumption rates of all 
water users/subscribers. The frequency of water meter readings is not enough to prepare accurate water demand 
profiles for hydraulic simulation of WDNs with short time steps. Moreover, water losses need to be taken into account 
in hydraulic modeling applications as it could be one of the biggest water users in poorly managed WDNs where water 
losses are reported as high as 50% or even more of system input volume [7, 8, 9]. Usually, the exact amount and 
spatial/temporal variations of water losses are not known and it is difficult to decide about the location and amount of 
water losses as an input to hydraulic models. Real water losses, a component of total water losses, may be distributed 
equally or in proportion to all nodes in WDN to overcome this uncertainty [7, 8, 10]. Contrarily, spatial and temporal 
allocation of water losses may not be an important issue for well-managed WDNs where total water losses are less 
than 15% of system input volume [7, 10]. The prescribed challenges could be defined as the main cause of potential 
model errors in hydraulic modeling applications but still different engineering approaches are used to overcome these 
difficulties. In addition to these problems, the users of hydraulic models face with another difficulty which is the lack 
of reliable data sets and usually the required data sets need to be supplied by the water utilities [11, 12]. 
Periodic reading of water subscribers’ water meters are performed by water utilities for the purpose of billing in 
long time intervals such as monthly, bimonthly, quarterly, 6 monthly or yearly. In some countries, water meters of the 
subscribers are not read periodically due to application of fixed charge rules [13]. However, hydraulic models are used 
to predict hydraulic parameters for short time intervals, such as 5 minutes. Water demand profiles, which are required 
as input data for hydraulic models, cannot be obtained for short time intervals from the water meter readings. Instead, 
monitoring data obtained from flow meters located at several locations of the WDN (such as main pipes or entrance 
to DMAs), are used to define water demand patterns. The obtained data are sometimes extended for all service pipe 
connections of the network because several subscribers with different water consumption profiles are connected to 
one service pipe connection in real network. 
Water demand is the key modeling input parameter and driving force behind the hydraulic behavior of water 
distribution systems [14-17]. Therefore, water demand allocation in water distribution systems becomes crucial for 
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accurate estimation of the water demand and to achieve reliable model results [14]. Actual water withdrawal for 
consumptions occurs at service pipe connections and there are a great number of these connections in a WDN [7]. In 
practice, it is not recommended to introduce all service pipe connections as separate nodes to the hydraulic models 
because this approach has several disadvantages: (i) causes a significant increase in number of pipes and nodes in the 
model [11, 12]; (ii) causes complexity in modeling and (iii) data management gets more difficult [7]. On the other 
side, if the service pipe connections are not separately introduced to the hydraulic model, some head loss errors may 
occur [11, 12, 18]. If the aim of the hydraulic model user is to obtain the most accurate solution, all connections can 
be introduced as separate nodes to the hydraulic model and nodal water demand can be provided based on actual water 
meter readings of the subscribers. Furthermore, it is very important to have updated GIS data to define locations of all 
real service pipe connections in such applications. 
In this study, the methods and results of a hydraulic modeling study of a WDN in a tourism area with highly varying 
characteristics are presented. The study was conducted for Old Town District Metered Area (DMA), with 
approximately 1400 active and inactive subscribers, in Antalya Metropolitan City, located in the south of Turkey 
along the Mediterranean Sea. In the study area, both hydraulic parameters and topographic features present highly 
varying characteristics which increase the complexity for hydraulic modeling. This study aims to present a practical 
modeling approach to define nodal water demands for increasing hydraulic model performance. 
2. Methodology 
2.1. Pilot Study Area 
This study was carried out at Old Town pilot study area (PSA). Old Town is a historical and touristic area situated 
at the center of Antalya Metropolitan City in Turkey. The vast majority of Old Town area is protected due to its 
historic feature. Most of the streets of Old Town are narrow and therefore they are closed to traffic. Control valves are 
located both upstream and downstream at all streets for better management of the WDN of PSA. Accordingly, there 
are a large number of pipe connections in the area with short lengths and a great number of network elements. The 
topography is highly changing in the PSA and the elevations vary between 0 to 40 meters above the sea level. PSA is 
a single inlet DMA that is isolated from the rest of WDN of Antalya City. Flow rates and water pressures are 
continuously measured online at the SCADA station located at the entrance of the PSA and the obtained data sets are 
sent wirelessly to SCADA Center of Antalya Water and Wastewater Administration (ASAT) for evaluation, storage 
and further analysis. 
The majority of WDN pipes within the PSA (about 91%) were replaced with high density polyethylene (HDPE) 
pipes in 2008. All information about the WDN of PSA was transferred to the GIS System of ASAT. Total length of 
the WDN pipes in the PSA is about 12 km and the total surface area of the PSA is about 2.5 km2. There are about 
1400 active and inactive water subscribers in the PSA with 766 service pipe connections. There are many different 
types of commercial, residential and public water subscribers; such as hotels, motels, restaurants, cafes, bars, shops, 
offices, parks, mosques and residential houses of different types (such as bungalow, dublex or multiplex villas with 
garden, apartment flats etc.) in the PSA. The monthly water consumption of each water subscriber is recorded by 
ASAT. Water consumptions of subscribers exhibit significant hourly, daily, weekly, monthly and seasonal variations. 
The daily and hourly water consumption rates of 13 different water subscribers (33.84 m3/h), which represent 31% of 
total water consumption in the PSA (109.14 m3/h), were monitored for 5 days. The obtained data sets were used to 
prepare water consumption patterns for these 13 different water subscribers and to estimate their nodal demands. 
In the PSA, water demand shows a tremendous increase in summer months due to increase in recreational water 
usage (such as irrigation in parks and green areas, swimming pools, etc.), increase in population due to intense tourism 
activities and increase in personal water consumption. Many of the water subscribers, such as cafes and bars, are active 
till late night hours and they consume considerable water. Due to this exceptional condition, it is difficult to determine 
physical water losses using conventional methods, such as Minimum Night Flow (MNF) in the PSA. 
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2.2. Hydraulic modeling of Pilot Study Area 
Physical configuration of WDN, such as pipe lengths, diameters and vertex, and coordinates of junctions, that are 
required to run the hydraulic model, were obtained from ASAT GIS database and controlled with field observations 
while temporal changes in flow rates and water pressure at the entrance to the PSA were obtained from SCADA 
Center of ASAT. The hydraulic modeling study was performed using EPANET 2.0 software [19] and the steps 
followed for water demand allocation is given below:  
i. Water consumption of 13 different water subscribers, representing 31% of whole water consumption in the PSA, 
was monitored hourly by conventional water meter readings and interpolated to 5 minute time intervals. Thus, actual 
water demand and flow pattern of these water subscribers were obtained from field observations. 
ii. The difference between the flow rate measured at SCADA station and the sum of water consumptions from 13 
water subscribers was computed. This difference was allocated to the service pipe connections according to the 
consumption ratio of each subscriber as obtained from the monthly water bills. All water meters in the PSA are 
georeferenced and their connections to the service pipes are known. The information about location of water meters 
and their connections is available from the GIS database. Additionally, several field studies were conducted to verify 
this information. 
Two fire hydrants were opened in the PSA to provide an artificial increase in flow rate (approximately 35 m3/h) 
during hydraulic simulation period to test prediction capability of the model. Once all the required input data sets were 
collected and the hydraulic model was developed, model calibration study was conducted for Hazen – Williams (H-
W) pipe roughness coefficient by trial and error. Field measurements of water pressure at different points of the PSA 
were conducted using portable pressure loggers. Data sets obtained from field measurements of water pressure were 
used to compare model predictions. Detailed water distribution pipe network of the PSA and locations of the pressure 
measurement points are presented in Figure 1. 
Fig. 1. Water distribution pipe network of Old Town PSA and locations of SCADA station and pressure measurement points (PMP) 
3. Results 
The daily and hourly water consumption rates of 13 different water subscribers of the PSA, which were monitored 
for 5 days to estimate their nodal demands and to prepare water consumption patterns, are given in Figure 2. Observed 
flow rates and water pressure at the entrance of the PSA during calibration period are presented in Figure 3. Based on 
the flow rate measurements, MNF does not occur between 2:00 and 5:00 hours in the PSA, and this situation can be 
reported as a special case.  
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Fig. 3. Flow rate and pressure measurements at the SCADA station at the entrance of the PSA 
Hazen-Williams (H-W) roughness coefficient (C) needs to be calibrated in the hydraulic model and it usually has 
a value between 50 and 150 [12, 19, 20, 21]. Major part of the pipes in the PSA (about 91%) is HDPE and the diameter 
is 110 mm. Due to this fact, a single value of H-W roughness coefficient is assigned to the whole WDN in this 
application. The best value of H-W roughness coefficient (C) is found as 60 for all pressure measurement points 
(PMP) which gives the minimum model prediction error (Figure 4). For H-W roughness coefficient value of 60, the 
mean absolute error is approximately 0.5 m at all PMPs and this shows that model predictions and measurements of 
pressure are in good agreement (Table 1). Comparison of model predictions and field measurements are presented in 
Figure 5. The descriptive statistics for hydraulic model predictions is given in Table 1. 
Fig. 4. Mean absolute errors for different H-W roughness coefficients 
Selection of H-W roughness value as 60 for HDPE pipes is not common in the literature. The calibrated H-W 
roughness coefficient value is relatively low in this application but there are several reasons for this selection: i. 
0
5
10
15
20
25
30
35
40
45
50
0
25
50
75
100
125
150
175
200
P
re
ss
ur
e 
 (
m
)
F
lo
w
 r
at
e 
 (
m
3 /
h)
Time
Flow rate Pressure
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
M
ea
n 
A
bs
ol
ut
e 
E
rr
or
 
(m
)
PMP-2
C=50
C=60
C=70
C=80
C=90
C=100
C=110
C=120 0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
M
ea
n 
A
bs
ol
ut
e 
E
rr
or
 
(m
)
PMP-3
C=50
C=60
C=70
C=80
C=90
C=100
C=110
C=120
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
M
ea
n 
A
bs
ol
ut
e 
E
rr
or
 
(m
)
PMP-4
C=50
C=60
C=70
C=80
C=90
C=100
C=110
C=120 0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
M
ea
n 
A
bs
ol
ut
e 
E
rr
or
 
(m
)
PMP-7
C=50
C=60
C=70
C=80
C=90
C=100
C=110
C=120
Fire hydrants are opened 
527 Selami Kara et al. /  Procedia Engineering  162 ( 2016 )  521 – 529 
network pipes in the PSA are relatively old, ii. velocity is  rather low in the PSA which favors deposition of particles 
and this causes a gradual decrease in active diameter, iii. minor losses are incorporated into friction losses and iv. 
minor losses are rather high in the PSA as there are many network elements such as service pipe connections, valves, 
pipe fittings, bends, street intersections. 
Table 1. The descriptive statistics of pressure predictions
Points Definitions N Mean Min. Max. Std. Dev. Variance Pearson
Corr.
Mean
Absolute
Error (m)
RMSE
(m)
PMP-2
Predictions 1153 39.435 29.150 47.670 3.721 13.845 
0.991 0.644 0.455 
Measurements 1153 38.923 26.340 47.440 4.031 16.249 
PMP-3
Predictions 1153 33.623 22.900 42.020 3.787 14.339 
0.990 0.526 0.372 
Measurements 1153 33.371 20.414 41.914 4.080 16.650 
PMP-4
Predictions 1153 49.005 41.140 56.500 3.432 11.778 
0.992 0.346 0.245 
Measurements 1153 48.878 40.640 56.240 3.453 11.921 
PMP-7
Predictions 1153 67.471 59.100 75.210 3.531 12.470 
0.991 0.515 0.364 
Measurements 1153 67.051 58.090 74.790 3.604 12.986 
      Average 0.991 0.508 0.359 
Fig. 5. Comparison of model predictions and field measurements 
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4. Conclusions 
In this study, a hydraulic model application of a water distribution network is presented for a tourism area where 
water subscribers have highly varying water demands and consumption profiles. Additionally, the model application 
site has highly varying topographic levels in a small area. All these factors complicate the allocation of nodal demands 
and model development. Hourly water consumption was monitored for several days for different type of water 
subscribers and these profiles were used as patterns. Other nodal demands were estimated using monthly water bills 
and online flow rate measurements conducted at the SCADA station which is located at the entrance of the PSA. The 
model predictions of pressure were in good agreement with continuous pressure measurements in 5 minute time 
intervals conducted at 4 different points and elevations in the PSA. The water pressure in the PSA varied between 30 
- 75 m head which exceeds the maximum allowable pressure according to the regulations of water losses control in 
WDNs in Turkey. Relatively high water pressure is advantageous for fire-fighting as there are many narrow roads in 
the PSA and commonly used big-size vehicles of fire-fighting department cannot enter these roads. This study presents 
a practical approach for nodal demand estimation for hydraulic modeling of water distribution networks with 
subscribers of highly varying water consumption characteristics. As for the future work, model verification study will 
be conducted and standard water balance will be prepared to estimate amount of total water losses in the pilot study 
area.
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